1. Introduction {#sec1-materials-12-01694}
===============

Lignin is a biomass resource containing a plurality of groups such as methoxy groups, carbonyl groups, carboxyl groups, phenolic hydroxyl groups, and aliphatic hydroxyl groups \[[@B1-materials-12-01694],[@B2-materials-12-01694]\]. It is also a potential material for drug delivery because of its properties of biodegradability, biocompatibility, and thermal stability \[[@B3-materials-12-01694],[@B4-materials-12-01694]\]. Recently, the output of enzymatic hydrolysis lignin (EHL, a byproduct of biorefinery) has exhibited yearly increases due to the development of the biomass refining industry. Most notably, when amphiphilic lignin molecules are dissolved in a selective solvent, microscopic phase separation occurs with subsequent self-assembly to form particles with a core--shell structure, which provides a simple and feasible path for the high value application of EHL \[[@B5-materials-12-01694]\].

Antineoplastic drugs with antibiotic activity can be highly potent against cancer \[[@B6-materials-12-01694]\]. However, small molecule drugs can freely diffuse and distribute themselves throughout the body, thereby resulting in undesirable side effects that could limit the achievement of proper doses required to bring about efficacious responses in humans \[[@B7-materials-12-01694],[@B8-materials-12-01694]\]. Therefore, it is necessary to use drug delivery systems to protect doxorubicin hydrochloride (DOX) from rapid degradation after systemic distribution \[[@B9-materials-12-01694]\]. Nanoparticle-based drug delivery carriers have emerged as suitable vehicles for overcoming the pharmacokinetic limitations associated with conventional drug formulations \[[@B10-materials-12-01694]\].

Currently, hollow nano- or macroparticles usually show high-quality properties in terms of density, specific surface area, and surface permeability. They are expected to be broadly applied in the medical field \[[@B11-materials-12-01694],[@B12-materials-12-01694]\]. DOX is an antibiotic compound with broad antitumor activity, but it has a limited therapeutic index due to toxic side effects that result from an inability of the drug molecules to deeply penetrate into tumor tissues \[[@B13-materials-12-01694],[@B14-materials-12-01694],[@B15-materials-12-01694]\]. Lignin hollow nanoparticles constructed from natural biomass can serve as a high-quality biobased carrier material for DOX ([Figure 1](#materials-12-01694-f001){ref-type="fig"}).

Our group previously developed lignin hollow nanoparticles via self-assembly \[[@B16-materials-12-01694]\]. In a previous study, the effects of various processing parameters (predropping lignin concentration, dropping speed of water, and stirring rate) on the structure and size of the lignin hollow nanoparticles were investigated. Currently, several lignin hollow nanoparticles have been prepared \[[@B3-materials-12-01694],[@B17-materials-12-01694],[@B18-materials-12-01694],[@B19-materials-12-01694]\], but the mechanism of encapsulation and the structural effects on encapsulation of the hollow particles remain unknown. In this study, lignin hollow nanoparticles were prepared using enzymatically hydrolyzable lignin via self-assembly and then were used as a platform to administer DOX. Here, we focused on the mechanism used by the lignin hollow nanoparticles to entrap the drug and the effects of various structures on the encapsulating behavior of the lignin hollow nanoparticles. This work provides a scientific basis for future studies on the selective entrapment properties of hollow polymer nanoparticles.

2. Materials and Methods {#sec2-materials-12-01694}
========================

2.1. Materials {#sec2dot1-materials-12-01694}
--------------

Enzymatically hydrolyzable lignin (EHL) was acquired from Hong Kong Laihe Biotechnology Co., Ltd. The hydroxyl content, the number-average molecular mass, and polydispersity of EHL are 2.67 mmol/g, 1430 g/mol, and 1.22, respectively. Doxorubicin hydrochloride was purchased from Shanghai Macklin Biochemical Co., Ltd. Purity is higher than 98%. THF of analytical grade purity was provided by Beijing Chemical Reagent Company. All other reagents were of analytical grade, and were used as obtained.

2.2. Synthesis of Lignin Hollow Nanoparticles {#sec2dot2-materials-12-01694}
---------------------------------------------

The preparation of lignin hollow nanoparticles (LHNPs) was achieved according to the typical self-assembly method published by Xiong et al. \[[@B16-materials-12-01694]\] In brief, certain amount of EHL was dissolved in 10 mL tetrahydrofuran (THF) to prepare EHL--THF solution at room temperature, and the solution was stirred with a magnetic stirring bar. Thereafter, 40 mL of water was added dropwise into the solution, which induced the self-assembly of the lignin molecules into colloidal spheres.

2.3. Drug Loading {#sec2dot3-materials-12-01694}
-----------------

The DOX-loaded LHNPs were prepared using the coassembly method. In brief, Some DOX was dispersed in THF containing EHL (drug: lignin of 1:10) and stirred for 5 min. Thereafter, 40 mL of water was added dropwise into the solution at a rate of 4 mL/min, which induced the coassembly of the lignin and DOX molecules into colloidal spheres. After 24 h, the colloidal solution was dialyzed against deionized water to remove THF and free compounds. The solution was centrifuged at 11000 rpm for 15 min, and the absorbance of the supernatant was measured at 482 nm with a UV--Vis spectrophotometer (Shimadzu, Kyoto, Japan) to determine the drug concentration.

The DOX loading and encapsulation efficiency were calculated according to the following equations.

DOX loading (%) = (weight of DOX loaded / weight of LHNPs\@DOX) × 100

Encapsulation efficiency (%) = (weight of DOX loaded / weight of initial amount of DOX) × 100

2.4. In Vitro Release Studies {#sec2dot4-materials-12-01694}
-----------------------------

The in vitro release of DOX from the LHNPs was investigated using dialysis against PBS (pH 7.4 and 5.5). In brief, 1 mg of pure drug and 10 mg of drug-loaded LHNPs were immersed in 50 mL PBS, and then centrifuged at a speed of 100 rpm and a temperature of 37 °C. At scheduled intervals, 5 mL of medium was collected and replaced with the same amount of fresh release medium. The samples were centrifuged at 11000 rpm for 5 min, and the absorbance (i.e., amount of DOX released) was measured at 482 nm with a UV spectrophotometer (Shimadzu, Kyoto, Japan). The average calculated values were obtained from at least three replicates.

2.5. Cellular Uptake of Modified LHNPs Assays {#sec2dot5-materials-12-01694}
---------------------------------------------

Confocal laser scanning microscopy (CLSM, Olympus Corporation, Tokyo, Japan) was used to study the cellular uptake of the LHNPs. HeLa cells were plated and cultured in six-well plates. Thereafter, the LHNPs were FITC-labeled (labeled by fluorescein isothiocyanate) track the distribution of nanoparticles during the assay. After incubation for 24 h, different concentrations (LHNPs served as a standard) of the modified LHNPs were added into the wells. After incubation for 4 and 24 h, the cells were washed three times with PBS and fixed with paraformaldehyde in PBS. Images of the uptake were obtained by CLSM.

3. Results and Discussion {#sec3-materials-12-01694}
=========================

3.1. Morphology of EHL, Lignin Hollow Nanoparticles, and Drug-Loaded Lignin Nanoparticles {#sec3dot1-materials-12-01694}
-----------------------------------------------------------------------------------------

The lignin raw materials consisted of irregularly shaped block structures with particle sizes ranging from several microns to dozens of microns, as shown in [Figure 2](#materials-12-01694-f002){ref-type="fig"}A,D. [Figure 2](#materials-12-01694-f002){ref-type="fig"}B,E shows how the lignin nanoparticles were morphologically constructed by EHL via self-assembly under the conditions of an initial lignin concentration of 1 mg/mL, a water dropping speed of 4 mL/min, and a stirring rate of 600 rpm. A scanning electron microscopy (SEM) image of lignin nanoparticles shows the spherical hollow structure with a single hole on the surface of the particles. A transmission electron microscopy (TEM) image displays a clear contrast between the center and the shell, which supplies further evidence that the particles are hollow. The nanoparticle structure did not significantly change after loading the drug. However, a bulk structural material was found in the cavity, as shown in [Figure 2](#materials-12-01694-f002){ref-type="fig"}C,F. It is likely that the bulk structure in the cavity was composed of crystals of DOX after drying (TEM images and the X-ray diffraction (XRD) pattern of the DOX crystals are shown in [Figure S1](#app1-materials-12-01694){ref-type="app"}).

In [Figure 3](#materials-12-01694-f003){ref-type="fig"}, the dynamic light scattering (DLS) measurements revealed that the particles exhibited a narrow size distribution, and the average sizes of the LHNPs and DOX-loaded LHNPs were 396 ± 13 and 405 ± 9 nm, respectively.

In [Figure 3](#materials-12-01694-f003){ref-type="fig"}, the dynamic light scattering measurements revealed that the particles exhibited a narrow size distribution and the average sizes of the LHNPs and DOX-loaded LHNPs were 396 ± 13 and 405 ± 9 nm, respectively.

3.2. Morphological Structure Regulation of Lignin Hollow Nanoparticles {#sec3dot2-materials-12-01694}
----------------------------------------------------------------------

Because the lignin hollow nanoparticle structure has significant effects on the encapsulation and the sustained release of the drug, the morphological structure of LHNPs regulated by predropping lignin concentration, dropping speed of water, and stirring rate was studied. [Figure 4](#materials-12-01694-f004){ref-type="fig"} shows the TEM image of a series of LHNPs prepared under different conditions (the process parameters are shown in [Table S1](#app1-materials-12-01694){ref-type="app"}). The values of surface area and pore volume of the LHNPs are exhibited in [Figure 4](#materials-12-01694-f004){ref-type="fig"}B. Through a comparison of the morphological structure of the LHNPs on the transverse and vertical axes, the growth laws of micro-nanospheres were preliminarily obtained. The shell thickness and predropping lignin concentration are proportional to each other, and the concentration determined the shell thickness by controlling the amount of molecules participating in the formation of the particle shell in the initial stage of self-assembly \[[@B20-materials-12-01694]\]. The self-assembly time of lignin was affected by the speed of water as it dropped \[[@B4-materials-12-01694]\]. The faster the drop acceleration, the smaller the pore volume. Moreover, an increase in the stirring rate could lead to an increase in the shear force, resulting in a decrease in the prepared nanoparticle size \[[@B21-materials-12-01694]\]. The above results indicated that the LHNPs were a morphological structure-controlled polymer hollow nanoparticle.

The stability of the LHNPs was evaluated at a physiological pH by incubating the LHNPs with phosphate-buffered saline (PBS, pH 7.4) at 37 °C for 10 days. The LHNPs maintained a constant size for 5 days in PBS ([Figure 4](#materials-12-01694-f004){ref-type="fig"}C), which was indicative of a high colloidal stability without aggregate formation. In addition, the polydispersity index (PDI) values of the nanoparticles were nearly unchanged during this time ([Figure 4](#materials-12-01694-f004){ref-type="fig"}D). However, the long-term immersion of the nanoparticles in PBS and the diameter of the single hole of the particles affected the electrical double layer structure, thereby causing particle aggregation. Thus, we observed an increase in the average diameter and the PDI after 5 days.

3.3. Drug Loading and In Vitro Release Studies {#sec3dot3-materials-12-01694}
----------------------------------------------

The values for drug loading (DL) and encapsulation efficiency (EE) of the LHNPs are shown in [Figure 5](#materials-12-01694-f005){ref-type="fig"}A. Compared with [Figure 4](#materials-12-01694-f004){ref-type="fig"}B, it can be seen that the encapsulation efficiency and drug loading of the nanoparticles are related to the surface area and pore volume.

The drug release profile of LHNPs\@DOX was evaluated in two different aqueous solutions in order to simulate the tumor microenvironment (pH 5.5) and physiological pH conditions (pH 7.4), and the results are shown in [Figure 5](#materials-12-01694-f005){ref-type="fig"}B,C. The results clearly revealed a difference in DOX release between the two pH systems. For the same test object, the drug released rapidly in acidic (pH 5.5) conditions compared with neutral (pH 7.4) conditions. In addition, DOX\@LHNPs(A), DOX\@LHNPs(B), and DOX\@LHNPs(C) released the drug faster than the other particles exposed to the two pH systems, which could have been attributed to the larger surface area and wider pore volume. Furthermore, the figure revealed that DOX\@LHNPs(D), DOX\@LHNPs(E), and DOX\@LHNPs(F) exhibited more stable cumulative release than the other nanoparticles. This was attributed to their thicker shell and smaller pore size, which could better protect the nanoparticles against the swelling effect caused by PBS \[[@B22-materials-12-01694]\]. Due to the effects of the shell, the DOX-loaded nanoparticles exhibited a sustained release process because the loaded DOX had a stable storage site, as shown in the drug release profile \[[@B23-materials-12-01694]\].

These results indicate that the difference between the loading and the releasing performance of DOX can be due to the different structures, sizes, and stabilities of these LHNPs. The shell thickness of the polymer particle plays a vital role in capsule-based slow or controlled release applications \[[@B24-materials-12-01694],[@B25-materials-12-01694]\]. The controlled release behavior of the LHNPs, the entry of DOX\@LHNPs into cells, and the acidic environment of lysosomes can facilitate the release of DOX to achieve more powerful therapeutic effects \[[@B26-materials-12-01694]\]. Overall, the above results provide new insights into the selective encapsulation of LHNPs that can be used in other fields by investigating the effects of different lignin nanoparticle structures on the DOX-loading behavior.

3.4. Formation Mechanism of DOX-Loaded Lignin Nanoparticles {#sec3dot4-materials-12-01694}
-----------------------------------------------------------

Previous studies reported that analytical reagent grade tetrahydrofuran (AR-THF) contains impurities (toluene, trimethylphosphine oxide, butylated hydroxytoluene, and triethyl citrate) that lead to phase separation between tetrahydrafuran (THF) and water. Furthermore, the phase separation forms a nanoemulsive substance \[[@B16-materials-12-01694],[@B27-materials-12-01694]\]. The process of formation of the drug-loaded lignin hollow nanoparticles is shown in [Figure 6](#materials-12-01694-f006){ref-type="fig"}F. EHL and DOX were dissolved in THF to form a mixed solution, and no particles could be seen on the TEM images ([Figure 6](#materials-12-01694-f006){ref-type="fig"}A). Phase separation, followed by the continuous phase (THF) and the dispersed phase (water), occurred when deionized water was added dropwise into the mixed solution. The lignin nanoparticles took shape as the hydrophobic parts of EHL formed a membrane layer to wrap the water at the two-phase interface ([Figure 6](#materials-12-01694-f006){ref-type="fig"}B) \[[@B28-materials-12-01694]\]. At this point, because the polarity of deionized water is much higher than that of THF and the solubility of DOX in water is greater than that of THF, DOX entered into the water phase through the lignin membrane (the concentration of DOX in water was 10 mg/mL, and the concentration in THF was less than 0.7 mg/mL).

In order to reduce the pressure between the inside and outside of the shell, phase inversion occurred, and the particles recombined when the water content was 40 vol% ([Figure 6](#materials-12-01694-f006){ref-type="fig"}C). The electrostatic forces and π−π interactions could cause the DOX to adhere to the inner wall of the membrane layer \[[@B29-materials-12-01694]\]. Therefore, the drug was still encapsulated in the cavity after particle reorganization. When the water content was 50 vol%, a single hole appeared at the weak part of the particle shell ([Figure 6](#materials-12-01694-f006){ref-type="fig"}D) \[[@B30-materials-12-01694]\]. The drug-loaded lignin hollow nanoparticles were completely formed at a water content of 80 vol%. The final drug-loaded nanoparticles are shown in [Figure 6](#materials-12-01694-f006){ref-type="fig"}E.

The efficiency of DOX encapsulation was 61.5±6%. However, the encapsulation efficiency when adding DOX to a colloidal LHNP solution to form drug-loaded LHNPs was 50.1±7%, with strong interactions between the carrier material and the drug molecules \[[@B7-materials-12-01694]\]. In addition to the adsorption action of DOX, π−π stacking also enhanced the interactions between DOX and EHL, as the polyphenolic structure of the lignin molecules is similar to that of DOX. These results were confirmed by UV--Vis absorption spectra ([Figure 7](#materials-12-01694-f007){ref-type="fig"}). As shown in [Figure 7](#materials-12-01694-f007){ref-type="fig"}A, the absorption peak of the lignin hollow nanoparticles in water was 284 nm, whereas the red-shifted absorption peak returned to 280 nm after redissolving in THF.

These results demonstrated the existence of π−π interactions between the lignin molecules during the preparation of LHNPs \[[@B16-materials-12-01694]\]. Furthermore, absorption peaks corresponding to DOX-loaded nanoparticles were observed at 290 nm and 282 nm for the nanoparticles re-dissolved in deionized water and THF, respectively ([Figure 7](#materials-12-01694-f007){ref-type="fig"}B). The red-shifted absorption peaks corresponding to the two types of nanoparticles in water were different from those after redissolving in THF, which confirmed the existence of π−π interactions between the lignin and DOX molecules in the assembly of DOX-loaded LHNPs. The Fourier-transform infrared (FTIR) spectrum showed no disappearance of chemical bonds and no appearance of new absorption peaks, except for the characteristic peaks (1622 cm^-1^, 1590 cm^-1^) of DOX compared to the pure LHNPs ([Figure S2](#app1-materials-12-01694){ref-type="app"}). These results demonstrated that electrostatic adsorption and π−π interactions resulted in DOX being encapsulated within LHNPs.

3.5. LHNPs and DOX-Loading LHNPs Cellular Uptake {#sec3dot5-materials-12-01694}
------------------------------------------------

To investigate the cellular uptake and intracellular drug release of drug-loaded lignin nanoparticles, a live cell imaging system was used. As shown in [Figure 8](#materials-12-01694-f008){ref-type="fig"}, it was observed that the fluorescence intensity in the HeLa cell became stronger with an increase in the incubation time, indicating that a long incubation time was beneficial for cellular uptake in these cells. Thereafter, the cellular uptake of DOX-loading nanoparticles was examined by CLSM to test the uptake effect by comparing the red fluorescence intensity in HeLa cells after incubation for 4 and 24 h ([Figure 8](#materials-12-01694-f008){ref-type="fig"}D). A red fluorescent signal was noted in the cytoplasm after incubation for 4 h and, after 24 h, partial blue fluorescence overlapped with the red fluorescence, indicating that the drug was delivered into the nucleus to inhibit the proliferation of HeLa cells. This phenomenon could be attributed to the acidic environment inside the tumor cells that induced the disintegration of the nanostructures after a long period of time \[[@B31-materials-12-01694]\]. Free DOX entered into cells by diffusion, and the drug could freely escape from the cells. However, it was not easy for the drug-loaded nanoparticles to escape from the cells once they were internalized \[[@B10-materials-12-01694],[@B32-materials-12-01694],[@B33-materials-12-01694]\]. These results were consistent with those from the cellular uptake of the unloaded nanoparticles.

4. Conclusions {#sec4-materials-12-01694}
==============

In summary, we encapsulated DOX within LHNPs, explored the mechanism of encapsulation, and studied the effects of the nanoparticle structure on the encapsulation behavior of DOX. Due to the synergistic effects between the adsorption force and π−π interactions, the DOX molecules were firmly encapsulated within the cavity of the LHNPs during the assembly of lignin and DOX. The structural effects of the lignin nanoparticles on the stability and loading performance were also investigated during DOX preparation, encapsulation, and release. These sustainable lignin nanoparticles with a spherical hollow structure could be used as potential vehicles for compounds with benzene rings due to their exceptional absorption capacity, biodegradability, and nontoxicity.
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![Schematic illustration of the preparation of drug-loaded lignin-based hollow nanoparticles.](materials-12-01694-g001){#materials-12-01694-f001}

![SEM (**A**--**C**) and TEM (**D**--**F**) images of enzymatic hydrolysis lignin (EHL), lignin hollow nanoparticles (LHNPs), and LHNPs@ doxorubicin hydrochloride (DOX) at predropping lignin concentration of 1mg/mL, stirring rate of 600 rmp, and dropping speed of water of 4mL/min.](materials-12-01694-g002){#materials-12-01694-f002}

![Characterization of LHNPs and DOX-loaded LHNPs. (**A**) Size and polydispersity index (PDI); (**B**) The size distribution by dynamic light scattering (DLS).](materials-12-01694-g003){#materials-12-01694-f003}

###### 

(**A**) TEM images of LHNPs at different preparation conditions; (**B**) Surface area and pore volume of the nanoparticles. Stability of LHNPs after 10h incubation in PBS (pH 7.4) at 37 °C, effects on the average diameter (**C**); PDI (**D**).
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![(**A**) Drug loading (EL) and encapsulation efficiency (EE) of the LHNPs; (**B**) Release profiles of DOX from DOX\@LHNPs at pH 5.5; (**C**) Release profiles of DOX from DOX@ LHNPs at pH 7.4.](materials-12-01694-g005){#materials-12-01694-f005}

![TEM images of the samples obtained from the dispersions at different water contents. The predropping lignin concentration was 1mg/mL, stirring rate of 600 rpm, and dropping speed of 4 mL/min. (**A**) 0 vol %, (**B**) 20 vol %, (**C**) 40 vol %, (**D**) 50 vol %, (**E**) ≥80 vol %, and (**F**) schematic representation of formation process of the drug-loaded lignin hollow nanoparticles in THF-H~2~O.](materials-12-01694-g006){#materials-12-01694-f006}

![UV--Vis absorption spectra of (**A**) LHNPs and (**B**) LHNPs\@DOX.](materials-12-01694-g007){#materials-12-01694-f007}

![The localization of FITC-modified LHNPs and DOX-loaded LHNPs from confocal laser scanning microscopy (CLSM): FITC--LHNPs (**A** and **B**), DOX-loaded LHNPs in HeLa cells for 4h (A, **C**) and 12 h (B, **D**). Bar: 1μm.](materials-12-01694-g008){#materials-12-01694-f008}
